Abstract-Due to the advancements during the last decade, the laser sintering process has achieved a high technical level, allowing for Rapid Manufacturing of parts in some applications. However, only few polymers are commercially available for the process. Polyamide 12 dominates the market with share of nearly 90 %. Other laser sintering materials differ in part properties from PA 12. Therefore, they are more suitable for some specific applications. Within these, Polyamide 11 has the highest distribution on the market. PA 11 offers some advantages like significant higher part ductility but also some disadvantages like more warpage or higher processing temperatures. However, literature provides in general only little information on the processing of PA 11 and how to achieve optimal processing conditions. A DOE approach using the response surface methodology was utilized to study the correlations between process parameters and part properties. Laser power, scan speed, hatch distance, layer thickness and outline energy density were varied in order to improve the part quality considering mechanical properties, surface roughness and part density. Additionally, results for process influences and part properties were compared with those found for Polyamide 12 in order to derive general correlations. Based on the performed study, optimized process parameter sets are established for PA 11 resulting in improved part properties.
INTRODUCTION
Increasing competition, decreasing product life cycles, the wish for customized products and a shortage of resources cause the need for innovative manufacturing techniques for small series production [1] . Going beyond the stage of Rapid Prototyping on to Rapid Manufacturing, Additive Manu-facturing offers possibilities for small series production of customized products and an increased freedom of design, due to the lack of tools [2] . The laser sintering of plastic parts is, aside from beam melting of metal parts, one of only two AM-processes which have the capability to be used for Rapid Manufacturing in the near future [3] . In laser sintering parts are built up layer by layer using layer thicknesses between 0.06 and 0.18 mm. The machine produces the parts by repeating three stages for each layer: Firstly, the platform descends by the thickness of one layer. Secondly, powder is spread across the build platform by a leveling roller or coater and preheated to a temperature close to the material's melting point by a radiant heater. Then, a CO 2 -laser beam melts the powder by tracing the actual cross section line after line, using a scanner system. These steps are repeated until the parts are completed. [4] In contrast to other plastic processing techniques like injection molding or extrusion, laser sintering works without high pressures. The temperature increase in the powder bed during laser exposure is the driving force in LS. Schmachtenberg developed the idealized process model of isothermal laser sintering which states that the material remains in molten state even after the laser exposure and even when covered with new layers [5] . The melt has in this case a temperature higher than the recrystallization temperature. Existence of this isothermal processing was proven indirectly by evaluation of the spherulite sizes of PP-or POM-parts [6] or directly by temperature measurements within the powder bed [7] . Part properties in LS strongly depend on the interaction of laser energy input, the melt temperature and the melt viscosity during and after the laser exposure.
Laser sintering has reached a high technical level within the past two decades. Most of the information given in the literature on process influences and robust processing were studied for polyamide 12 . In contrast to that, for alternative commercial materials only very few analyses are published. Polyamide 11 has within these materials the highest distribution on the market. It offers some advantages like significant higher part ductility but also some disadvantages like more warpage or higher processing temperatures. However, literature provides in general only little information on the processing of PA 11 and how to achieve optimal processing conditions. Therefore, an enhanced process understanding has to be established. Aim of the research presented here is to establish correlations between process parameters, part's density, mechanical properties and the surface roughness. The resulting correlations can be used to improve process parameters and to establish robust processing conditions.
II. STATE OF THE ART
Technical literature contains several papers with analyses and advancements of the laser sintering process. Area energy density E A [J/mm!] or Andrew Number A N is often used to describe correlations between process parameters and to compare part properties using different parameter settings. This value for the energy input in laser sintering was introduced by Nelson [8] and is defined as the ratio of fill laser power divided by beam speed, and hatch distance. Starr [9] and Kaddar [10] The correlation between process parameters and mechanical properties of laser sintered parts has been the subject of several analyses in the past and is described in several publications. Gibson presents a study with the aim of understanding the correlation of process parameters and tensile strength as well as part's density while processing polyamide powder on a DTM Sinterstation 2000 [11] . He determined these properties as a function of laser scan speed; hatch distance and laser power. Ho analyzed part's density and mechanical properties of polycarbonate parts as a function of area energy density [12] . Caulfield conducted similar analyses in [13] for Duraform PA. Tontowi determined the density of polyamide parts as a function of energy density in order to build up a model for density prediction [14] .
Sauer investigated Duraform PA powder using a DTM Sinterstation 2000. He correlated mechanical properties with different process parameters or multiple part orientations and positions [15] . Further research by Kaddar in [10] additionally aimed at analyzing the influence of different scan strategies on mechanical properties, showing that higher numbers of outline and fill scan counts improve the properties while cross fill scan reduces anisotropy between parts oriented in the xy-plane. He also proved that constant volume energy densities lead to almost identical properties. Starr determined in [9] the influence of laser power on yield stress and elongation for different orientations of specimen. He validated the equation of energy density by varying scan speed, laser power and layer thickness. Starr calculated the minimal energy input needed to melt the powder. He found out, that a volume energy density of at least 0.091 J/mm" is needed to fuse the powder. In [16] , Jain states a similar minimal energy density of 0.1 J/mm". Additionally, he defined a maximum energy density of 0.48 J/mm", where polymer degradation starts. In [17] , Rüsenberg analyzed the mechanical properties of polyamide parts for increasing laser power and energy density using an EOS EOSINT P390. Additionally, he analyzed part density and porosity. Research done by Pilipovic in [18] demonstrates that even when using the same energy density, differences in mechanical properties can occur.
In addition to the analyses described before, research was done to understand the correlation of different process parameters and part properties in laser sintering, using experimental designs. In [19] , Ghanekar presents a study for nylon 12, using "D-Optimal" design, considering powder age, laser power, layer thickness, scan vector length, as well as the part's orientation. He used a Sinterstation 125, which is the first generation of laser sintering systems. In [20] , Jain analyzed the influence of refreshing rate, layer thickness, part bed's temperature and hatch pattern on the tensile strength for a constant energy density of 0.0185 J/mm!. He conducted his experiments using Taguchi's L16 orthogonal array, producing specimen on an EOS EOSINT P380 using PA 2200 powder. The greatest influence results from refreshing rate, layer thickness and part bed temperature. However, the measured values for tensile strength are generally low, due to a low energy density and high layer thicknesses between 0.15 and 0.18 mm. Another analysis for PA 2200 is given by Beal in [21] , considering laser power and scan speed. He used factorial design and response surface methodology to correlate process parameters and part's density as well as mechanical properties. For his experiment, he used a prototype laser sintering machine with a low maximum laser power, very low scan speeds and high layer thicknesses. Therefore, the results can only marginally be transferred to commercial laser sintering machines. Monzon, in [22] , conducted a study to compare laser sintering machines manufactured by EOS and DTM/3D-Systems with the aim of identifying main influencing factors, using full fractional designs. Laser power and layer thickness were found to be the main influencing factors on mechanical properties. A regression equation was used in order to determine optimal parameter sets. Another approach to correlate process parameters with part properties was performed by Singh [23] . He used response surface methodology based on a central composite design to develop a model in order to predict part's density of polycarbonate parts. The regression equation found shows a non-linear nature of correlations, with all parameters having a significant effect.
In [7, [24] [25] [26] Wegner and Witt performed different studies to establish optimal processing window for polyamide 12. They studied the influence of different parameters like the laser power, the hatch distance, the scan speed, the layer thickness, the powder bed temperature, the material quality as well as the cooling conditions. It was found that in an energy density range between 0.33 and 0.40 J/mm" using a layer thickness of 0.1 mm optimal mechanical properties and high part density can be achieved without occurance of degradation effects. In [27] the same authors studied the influence of process parameters on surface roughness of laser sintered polyamide 12 parts. The results show that besides the parameters for the fill area also the energy density for the outline scan has high influence of surface roughness. In all studies two different laser sintering machines a DTM Sinterstation 2500 (HS) and an EOS Formiga P100 were compared in order to establish general correlations.
However, the presented studies consider only Polyamide 12 or polycarbonate. There are only view studies on Polyamide 11. A first study from 1998 performed by Keller [28] gives some basic results on the material properties and processing of PA 11. However, no robust processing conditions can be derived from this study. A second study was performed by Goodridge using Duraform EX [29] . She studied the influence of inhomogeneous powder bed temperature on the mechanical properties in building direction. Results show that the influence of local differences in preheating temperatures is much more severe when processing polyamide 11 instead of PA 12. Grießbach analyzed the influence of energy density on mechanical properties in x-direction of Duraform EX. He found high tensile strength (48 to 51 N/mm!) and Young's modulus (ca. 1600 N/mm!) for energy densities over 0.16 J/mm" [30] . In contrast to that, highest elongation at break of 30 % was achieved only for 0.23 J/mm". However, detailed correlations, which consider all main influencing factors at the same time, are still missing. Therefore, within the work presented here, the influence of different parameter settings on mechanical properties, density and surface roughness of laser sintered polyamide 11 parts should be analyzed.
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III. EXPERIMENTAL
Based on the aforementioned state of the art, the analyses were planned. Tensile specimens according to DIN EN ISO 3167 and density cubes were produced using a DTM Sinterstation 2500HS. Refreshed EOS PA 1101 powder was used for the experiments having an MVR value of 13.5 -14 cm"/10 min (250 °C, 5 kg). Basing on preliminary tests, powder bed temperature was set to 187 °C.
Specimens for tensile tests were produced in two different part orientations generating each with five specimens and using cross fill scan option. Tensile bars were oriented in x-direction (x0) and z-direction (z90). After build process, the specimens were dried in a vacuum oven at 70 °C. The tensile tests in compliance with DIN EN ISO 527-1 and DIN EN ISO 10350-1 were performed using a Zwick testing machine Type 1465 and a testing speed of 50 mm/min. Additionally, before tensile testing surface roughness depth R Z of the tensile bars was analyzed; as defined in DIN EN ISO 4287. The single measuring track was 8 mm, resulting in a total measuring track of 40 mm, using additional 4 mm at the begin and at the end of the track; according to DIN EN ISO 4288. R Z was measured on the top surface of the x-bars and on the side surface of the z-bars using a Mitutoyo tactile surface measurement system SJ-400. For each orientation R Z was measured for three parts making three repetitions per part.
Additionally density cubes were produced in four different sizes (4x35x15 mm, 10x12.5x15 mm, 25x12,5x15 mm, 150,12,5x15 mm). In order to study the influence of scan vector length, the parts were only scanned in xdirection. Three parts were built for each size. The density of the smaller cubes (Scan vector length: 4 mm, 10 mm and 25 mm) were measured using the Archimedes method according to DIN 1183. The density of cubes with the dimensions of 150x12.5x 15 mm was determined using a micrometer gauge and an analytical balance due to its size.
A total number of 780 specimens were produced within 3 build jobs to perform the analyses, Fig. 1 . The specimens of each parameter set were produced within one build job, being distributed over the build space in order to reduce effects caused by the inhomogeneous temperature distribution on the powder bed surface and also avoiding placement of parts at the edge of the build space. Design of experiments approach was used to determine the correlations between process parameters, mechanical properties, part density and surface roughness. Due to the complex process correlations in laser sintering, central composite design was utilized in order to include higher order and interaction terms. Laser power, hatch distance, scan speed, layer thickness and outline energy density were selected as influencing factors, resulting in a design of 32 experiments, Table I . The parameter ranges were set by preliminary tests. Reasonably volume energy density range was determined by density measurements. The range was chosen to ensure a drop of density for high energy densities as well as for low energy densities. As a result, values between 0.15 and 0.68 J/mm" were used within the experimental design. The ranges of the studied parameters were set appropriate to common values in laser sintering and for the considered High-Speed machine.
Based on the measured data, for all considered properties a second-order response surface model was built up using Design Expert 8 software. The significance of the calculated coefficients was determined using analysis of variance. Based on these results, all non significant coefficients were excluded from the regression equation. Afterwards, the main influencing factors were identified by comparing F-value. Within the paper the only regression models for the part density and the surface roughness are discussed.
IV. RESULTS AND DISCUSSION
The aim of the study was to establish a correlation between the main influencing factors in regard to mechanical properties, part density and surface roughness. Based PAPER DETERMINATION OF OPTIMAL PROCESSING CONDITIONS FOR THE PRODUCTION OF POLYAMIDE 11 PARTS USING THE… on the measured values, correlations can be established, describing part properties as a function of volume energy density using polynomials (Fig. 2 to Fig. 7) . Fig. 2 shows the results found for the scan vector length dependant part density. In case of small scan vector length (4 to 25 mm), density rises for increasing volume energy density and reaches constant level of 1.02 g/cm" at 0.30 J/mm". For energy input lower than 0.25 J/mm" the curves show some differences. The longer the scan vector length the lower is the density. In case of a scan vector length of 150 mm this effect is most extensive. High densities over 1.01 g/cm" are achieved here only for energy densities over 0.40 J/mm". However, besides the effect of scan vector length also the change of measuring technique may intensify this effect due to the point that rough and porous surface is included in measuring result in case of 150 mm density cubes. In contrast to the behavior at low energy densities, all curves show a significant drop of part density over energy input of 0.58 J/mm". According to [7] , this drop can be correlated to increasing degradation effects. Therefore, dense parts without the occurrence of degradation can be achieved for an energy density range from 0.40 to 0.58 J/mm". Compared to the results for Polyamide 12 [24] significant higher energy input is required to reach high densities.
A. Part Density and Mechnical Properties
In Fig. 3 the correlation between the young's modulus and the volume energy density is shown. Like for the part density, young's modulus ascends for increasing energy input until a limit of 0.30 J/mm". A little drop of the values can be found over an energy density of 0.60 J/mm". Within that range nearly constant values of ca. 1600 N/mm! (x-direction) and 1500 to 1600 N/mm! (zdirection) can be achieved. The results show that in most cases young's modulus in x-direction is a little bit higher than in z-direction. Especially for the x-direction maximum values can be achieved even for lower energy input of 0.25 J/mm". However, this value is still significant higher than the value found by Grießbach for Duraform EX. This effect may be caused by differences in the material (in this study EOS PA 1101) or the machine. Within the range from 0.30 to 0.60 J/mm" most parameter sets show also little degree of anisotropy with a percentaged deviation of up to 9 %.
When considering tensile strength even higher energy input (0.32 J/mm") is necessary to reach constant values, Fig. 4 . Similar effect was found for PA 12 in [24] . Tensile strength decreases for an energy input of over 0.58 J/mm". In contrast to young's modulus the energy processing window becomes smaller. Within the optimal energy density range tensile strength in x-direction reaches values of ca. 48 to 52 N/mm! while the values in z-direction vary between 42 and 51 N/mm!. In most cases tensile strength shows a higher anisotropy with a percentaged deviation of up to 15 % which is very similar to the values found for PA 12 [31] . Fig. 5 shows the correlation between the elongation at break and volume energy density. In case of elongation at break, a minimum energy input of 0.38 J/mm" is needed to reach high values for both orientations when also the single experiments are considered. This minimum energy input is the highest for mechanical properties while it is similar to part's density. Like for the tensile strength, energy density should not exceed 0.58 J/mm" in order to 12 [24] , elongation at break in z-direction shows the highest influence of process parameters. The results for PA 12 indicate that the variance is mainly caused by the different layer thicknesses between 0.080 and 0.12 mm. However, it seems that the effect of layer thickness is even stronger for PA 11 than for PA 12 like the large variance demonstrates. The results in Fig. 4 prove that part orientation has the highest influence on elongation at break, showing significantly lower values for z90. Like for PA 12 [31] , elongation of break shows also for PA 11 the highest anisotropy. The percentaged deviation lies within the optimum energy density range at up to 80 %. This value is significantly higher than for PA 12 and is mainly caused by the consideration of higher layer thicknesses of 0.12 mm. However, it seems that degree of anisotropy for elongation at break is general higher for PA 11 compared to PA 12.
When all results are summarized, an optimal energy density range can be defined between 0.40 and 0.58 J/mm". This range of 0.18 J/mm" is much bigger than the optimal range found for PA 12 (0.05 J/mm"). Therefore PA 11 has a bigger processing window than PA 12. However a significant higher energy input is necessary to achieve optimal part properties (PA 12: 0.35 to 0.40 J/mm"). When the results for mechanical properties are compared to the data sheet of EOS's PA 1101, a good agreement between the measured values and the data from the sheet can be found. For young's modulus and tensile strength for several parameter sets the data sheet values of 1600 N/mm! and 48 N/mm! can be reached in x-direction as well as in z-direction. The same result occurs in case of the elongation at break in x-direction. Several points have values above 45 %. However, in z-direction only one parameter set (P21) exceeds the data sheet value of 30 %.
However, measured values in all diagrams show significant deviations from the fitted trend lines. Models based on energy density are a very simple way to describe correlations in laser sintering, but show only a general interdependency. Detailed information is not given using these correlations. Therefore, second order regression equations should be established in order to describe the correlations in a more detailed way and to predict properties. 
B. Surface Roughness
Besides mechanical properties and part density, surface roughness was studied. Fig. 6 shows the surface roughness R Z of top surfaces as a function of area energy density also distinguishing between the different used layer thicknesses. The results show high roughness values for low as well as for very high energy densities. For a medium energy input a region of low roughness can be found. For a layer thickness of 80 #m and 120 #m the curves can be described by a second order polynomial while for 100 #m a linear trendline fits better due to the lower number of experimental points especially for high energy densities. Within this optimum area R Z values in the range between 75 and 90 #m can be achieved. Low values can be especially found for area energy densities between 0.03 and 0.05 J/mm!. Results show that higher layer thickness lead to a lower roughness while at the same time a higher energy input is needed to reach this low values.
In contrast to the top surfaces, for the surface roughness of side surfaces another correlation can be found, Fig. 7 . Lowest R Z values of 90 to 100 #m are achieved for a layer thickness of 0.1 mm and an area energy density range from 0.025 to 0.036 J/mm!. Layer thicknesses of both 120 #m and also 80 #m lead to higher roughness. Both curves show a significant increase of R Z with rising energy input while the lowest values are found for an area energy density lower than 0.035 J/mm!. Under this limit, R Z values lie for a layer thickness of 120 #m between 110 and 130 #m. For 80 #m, surface roughness lies between 100 and 110 #m. However, it is surprising that the lowest roughness values result not from the lowest layer thickness like the results in [27] indicate for PA 12. One possible reason for that behavior might be that the powder contains several particles larger than the particle size which makes it more difficult to form a flat layer with clearly defined edges.
When the results for both surfaces are compared, an optimal energy density range can be defined to achieve low surface roughness. Area energy input should lie between 0.03 and 0.04 J/mm! while the layer thickness is set to 0.1 mm. Figure 7 . RZ of side surface for different layer thicknesses as a fuction of volume energy density
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V. REGRESSION MODELS
Based on the measured data for part density and surface roughness, regression equations were established using Design Expert. The significance of terms in each equation, as well as the significance of the model and of the lack of fit, was evaluated using analysis of variance. Significance level is achieved for p-values below 0.05. Coefficients failing the significance were excluded from the equations. However, in some models non significant terms were not excluded for hierarchic reasons. All established models show a non significant lack of fit, resulting in adequate models, also having high R-Squared values of over 0.95, Table II . Additionally, all models show high values over 0.85 for the adjusted and the predicted R-Squared with a reasonable agreement of both values, Table II . Therefore, all models are adequate to make predictions within the design space. However, in all models some data test points had to be excluded as outliers in order to achieve a fitting model.
The model equations show significant differences regarding the included terms as well as their numbers. Most of them contain, aside from linear terms, higher order, as well as multiple interaction terms, demonstrating a complex corre-lation between process parameters and part properties. This emphasizes the intricate interaction of process parameters in laser sintering. Lowest influence is given by the higher order term of the outline energy density E!, which is included in none model. Additionally, based on the F-values of ANOVA the four main influences were identified in all models. These are marked by different colors (red to green) basing on their influence rank. Red marks the highest influence.
When comparing all four models for the part density, this is mainly influenced by linear effect of the laser power A as well as by the interaction of hatch distance and scan speed BC. Additionally, for longer cubes (25 mm and 150 mm) scan speed C has a high influence while for small cubes (4 mm and 10 mm) the layer thickness D has a higher influence. For the smallest cube also the interaction of the outline energy density and the hatch distance BE respectively scan speed CE show a high influence. This might be caused by the higher surface volume compared to the small fill volume for this cube size. Therefore, the outline has a bigger influence on density. For 10 mm and 25 mm cubes, the interaction of laser power and hatch distance AB is a main influence while for 150 mm linear effect of hatch distance B shows the highest influence in the model. When these main influences on part density of PA 11 are compared to PA 12 [7, 24] some similarities as well as some significant differences can be found. The linear influences of laser power, scan speed and layer thickness show main influences for both materials. In contrast to PA 12, for PA 11 linear effect of hatch distance has a smaller influence on density being main influence only in one model instead of all models. Additionally, almost all influencing factors show the same effect direction in all four models. Therefore, an optimization of the parameters has always same effect independent from the scan vector length. However, the effect size is different. Additionally, the influences on surface roughness were studied, Table II . The established models show significant differences between the considered surfaces. Main influences for the top surface are the linear effect of hatch distance B and the scan speed C as well as the interaction of laser power and scan speed AC and the interaction of hatch distance and scan speed BC. Therefore, as expected outline parameters and layer thickness show only little influence on the surface roughness of top surfaces. The roughness of the side surfaces shows some other influences. Main influences are the linear effect of the scan speed C and the layer thickness D, the interaction of hatch distance and scan speed BC as well as the higher order term of the hatch distance B!. Compared to the top surface, layer thickness has for the side surface a much bigger influence as found in [27] also for PA 12. However in contrast to PA 12, the roughness is hardly influenced by the outline parameters but mainly by the fill parameters.
Basing on the established regression models, an improved parameter set can be calculated using numerical PAPER DETERMINATION OF OPTIMAL PROCESSING CONDITIONS FOR THE PRODUCTION OF POLYAMIDE 11 PARTS USING THE… optimization. This lead to high densities of 1.032 ± 0.004 g/cm" independent from the scan vector length as well as to low surface roughness of 88 #m independent from the surface orientation. To achieve these values laser power should be 63 W, hatch distance 0.16 mm, scan speed 12000 mm/s, layer thickness 0.1 mm and outline energy density 0.01 J/mm. After establishing the regression models for the mechanical properties, these should be added to the numerical optimization in order to achieve optimal process parameters considering mechanical properties, part density and surface roughness.
VI. CONCLUSIONS
Within the results presented, design of experiments was used to establish correlations between process parameters and different part properties. In a first step, the correlation between part properties and energy density was studied. Based on these results, optimal ranges for the energy input can be defined. For the considered EOS PA 1101 a range of 0.4 to 0.58 J/mm" leads to optimal part properties. It was found that the processing of PA 11 using the DTM Sinterstation 2500 HS requires significant higher energy input. However, compared to PA 12 the processing window is circa 1.5 to 2 times larger. In a second step, response surface models was established in order to correlate five influencing factors with the part density and the surface roughness also considering different part length and part orientation. These correlation models demonstrate the complex correlations of process parameters in laser sintering, in most cases showing a non-linear nature with multiple parameter interactions. Additionally, the four main influences on part density and surface roughness of polyamide 11 parts were identified being laser power, hatch distance, scan speed, layer thickness and interaction of hatch distance and layer thickness. Similar influences were found for Polyamide 12. The results presented here provide, for the first time, detailed information on the correlation between process parameters and part properties when processing polyamide 11 in laser sintering resulting in an enhanced understanding of the laser sintering process and also allowing for the prediction and optimization of part properties.
Future work should validate the investigated correlations. Additionally, second order response surface models should be established also for the mechanical properties in order to optimize process parameter considering multiple part properties. Further, results should be compared with the processing of PA 1101 on an EOS Formiga P100 using similar parameter ranges but a 2.7-times lower scan speed and higher laser power. Some first results are presented in Fig. 8 . Optimal densities are achieved in this case for energy densities between 0.25 and 0.45 J/mm!. Therefore a significant lower energy input is required to reach a high density. Additionally, for the Formiga significant stronger degradation effects are found especially for energy densities over 0.58 J/mm".
Additional research should compare the results for the uncolored PA 1101 from EOS with the processing of Arkema's Rilsan Invent black. Furthermore, the melt temperatures during processing should be analyzed using High-Speed-thermal imaging. Afterwards, the long-term properties of laser sintered PA 11 parts should be studied by comparing optimized parameter sets with material and machine manufacturer's default parameter set. The study is performed within a cooperation project between the Chair of Manufacturing Technology (University of Duisburg-Essen) and the Institute of Polymer Technology (University of Erlangen-Nuremberg).
